The α inelastic scattering on 16 O is investigated with the coupled-channel calculation using the α-nucleus coupled-channel potentials, which are microscopically derived by folding the the Melbourne g-matrix N N interaction with the 16 O and α densities. The matter and transition densities of 16 O are calculated by a microscopic structure model of the variation after the spin-parity projections combined with the generator coordinate method of 12 C+α in the framework of the antisymmetrized molecular dynamics. The calculation reproduces the observed elastic and inelastic cross sections at incident energies of Eα = 104 MeV, 130 MeV, 146 MeV, and 386 MeV. The coupled-channel effect on the cross sections is also discussed.
I. INTRODUCTION
The α scattering has been used for study of isoscalar (IS) monopole and dipole excitations in nuclei. The inelastic cross sections have been analyzed by reaction model calculations to determine the strength functions in a wide range of excitation energy covering the giant resonances [1] . The α scattering is also a good tool to probe cluster states because these have generally strong IS monopole and dipole transition strengths and can be populated by the α scattering reaction [2] [3] [4] . Indeed, the (α, α ) reaction experiments have been intensively performed to investigate cluster structures of excited states in light nuclei such as 12 C and 16 O recently.
For the study of cluster structures in 12 C, the 12 C(α, α ) reaction has been investigated with reaction models [5] [6] [7] [8] [9] [10] [11] [12] , but many of the reaction calculations encountered the overshooting problem of the 0 + 2 cross sections. Also for sd-shell nuclei such as 16 O, α scattering experiments have reported the similar overshooting problem of the 0 + cross sections in the reaction model analysis [12] . Recently, Minomo and one of the authors (K. O.) have carried out microscopic coupled-channel calculation and succeeded in reproducing the 0 + 2 cross sections of the 12 C(α, α ) reaction with no adjustable parameter [13] . In the study, α-nucleus CC potentials are constructed by folding the Melbourne g-matrix effective N N interaction [14] by a phenomenological matter density of α and the matter and transition densities of 12 C obtained with the resonating group method [15] . In our previous paper [16] , we have applied the g-matrix folding model to the same reaction and reproduced the cross sections of the 0 12 C with the transition density obtained by the antisymmetrized molecular dynamics (AMD) [17] [18] [19] [20] [21] , which is a microscopic structure model beyond the cluster models. These works indicate that, if reliable transition densities are available from structure model calculations, the approach of the g-matrix folding model can be a useful tool to investigate cluster states by the (α, α ) reaction.
In the structure studies of 16 O, a variety of cluster structures such as the 4α-tetrahedral, 12 C+α, and a 4α-cluster gas state have been suggested by the cluster models [3, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Recently, the experimental studies of 16 O have been performed by the 16 O(α, α ) reaction [12, 39] . In Ref. [39] , the 0 + 4 state at 13.6 MeV has been discussed in relation with the 4α-gas state with the reaction model analysis using phenomenological CC potentials. In the study, the α-scattering cross sections are naively assumed to scale the IS monopole strengths.
However, no microscopic CC calculation of the 16 O(α, α ) reaction was performed so far, mainly because of the theoretical difficulty of microscopic structure models in description of 16 O. For instance, a wellknown problem is that microscopic cluster models largely overshoot the excitation energy of the K π = 0 + 2 band. Recently, one of the authors (Y. K-E.) investigated the cluster structures of 16 O [40-42] with the AMD. She has performed the variation after spin-parity projections (VAP) combined with the generator coordinate method (GCM) of the 12 C+α cluster in the AMD framework, which we called the VAP+GCM. The VAP+GCM calculation qualitatively described the energy spectra of 16 O and obtained the 0 In this paper, we apply the g-matrix folding model to the 16 O(α, α ) reaction using the matter and transition densities calculated with the VAP+GCM in a similar way to in our previous work on the 12 C(α, α ) reaction [16] . The present work is the first microscopic CC calculation of the 16 O(α, α ) reaction that is based on the microscopic α-nucleus CC potentials derived with the gmatrix folding model. The calculated cross sections are compared with the observed data at incident energies of E α = 104 MeV, 130 MeV, 146 MeV, and 386 (400) MeV [12, 39, [43] [44] [45] The wave functions of 16 O are those obtained by the variation after spin-parity projections (VAP) [19] combined with the 12 C+α GCM in the AMD framework, which we called the VAP+GCM [41] . As shown in Ref. [42] , the VAP+GCM calculation reasonably reproduces the energy spectra and transition strengths of 16 O, and obtains various cluster structures such as the 4α and 12 C+α cluster structures. For the details of the formulation of the structure calculation and the resulting structures and band assignments in 16 O, the reader is referred to Refs. [40] [41] [42] . Using the VAP+GCM wave functions, the transition strengths, matter and transition densities, and form factors are calculated. The definitions of these quantities are given in Refs. [16, 42] .
B. Excitation energies and radii
The excitation energies and radii of 16 O from the VAP+GCM calculation and the experimental data are listed in Table I . We assign the fourth 0 In Table II, To reduce ambiguity from the structure model calculation in application of the theoretical transition density to the reaction calculation, we scale the calculated result as ρ (tr) (r) → f tr ρ (tr) (r) to fit the observed B exp (Eλ). The scaling factor f tr = B exp (Eλ)/B cal (Eλ) introduced here is defined by the square root of the ratio of the experimental B(Eλ) value to the theoretical one. The adopted value of f tr for each transition is shown in Table II. For the transitions for which experimental data of B(Eλ) do not exist, we take f tr = 1 and use the original transition density. For the 1
is unknown, but the charge form factors are available from the (e, e ) reaction data. For this transition, we use f tr = 1 in the default CC calculation, and also test a modified value f tr = 1.3 of the 0 + 1 → 1 − 1 transition density, which consistently reproduces the charge form factors and α scattering cross sections. Figure 3 shows the scaled transition density f tr ρ (tr) (r) for transitions from the ground state.
We show in Fig. 4 the charge form factors of 16 O calculated with the VAP+GCM and the experimental data measured by the electron scattering [48] . The calculated form factors are scaled by multiplying f with the scaled transition density. The experimental data are reasonably reproduced by the scaled form factors of the VAP+GCM. In the E2 form factors of the 2 + states (Fig. 4(d) ), a clear difference can be seen in the 0 different behavior that it is the compact spatial distribution with no nodal structure (see Fig. 3(b) ). In the E0 form factors of 0 + states, the 0 + 1 → 0 + 2 transition has the dip at the smallest momentum transfer (q 2 ) corresponding to the broadest distribution of the transition density.
III. α SCATTERING A. Coupled-channel calculation
Using the matter and transition densities calculated with the VAP+GCM as the input from the structure calculation, we perform the CC calculation of 16 O(α, α ) with the g-matrix folding model in the same way as in our previous work [16] . The α- 16 O CC potentials are constructed by folding the Melbourne g-matrix N N interaction [14] with the densities of α and 16 O in the approximation of an extended version of the nucleon-nucleus folding (NAF) model [49] . For the α density, we adopt the one-range Gaussian distribution given in Ref. [50] .
In the default CC calculation of the cross sections of the 0 The elastic cross sections are well reproduced by the present calculation except at large scattering angles for E α =104-146 MeV. For the λ = 2 and λ = 3 transitions to the 2 + 1 , 2 + 3 , and 3 − 1 states, the calculated cross sections are in good agreement with the experimental data. These states are strongly populated in the direct transitions, and the cross sections are dominantly described by the DWBA calculation. For these states, the CC effect is minor, in particular, at E α =386 MeV, but not negligible in the cross sections at the relatively low incident energies of E α =104-146 MeV. For the 2 In the experimental studies of the monopole transitions, the α scattering cross sections have been used to deduce the monopole strengths based on the reaction model analysis mainly with the DWBA calculation by naively expecting the scaling law of the α-scattering cross sections and the electric monopole transition strength, B(E0). However, the present analysis of the α scattering indicates that the scaling law is not necessarily valid for the cluster states. Firstly, the amplitude of the 0 + cross sections can be significantly affected by the CC effect mainly through the strong λ = 2 transitions between the developed cluster states. Secondly, the scaling law is not satisfied even in the one-step process of the DWBA cross sections because of the difference in the matter and transition densities between excited 0 + states. These results indicate that, for study of the monopole transitions by means of the (α, α ) reaction, it is necessary to analyze the α scattering cross sections with microscopic reaction models considering such the CC effect and density profiles. Nevertheless, we should remark that 0 + cluster states with significant monopole strengths are strongly populated by the (α, α ) reaction, meaning that it is still a good probe for the cluster states and can be useful for qualitative discussion even though the scaling law is not quantitatively valid.
IV. SUMMARY
The α inelastic scattering cross sections on 16 O was investigated by the folding model with the Melbourne gmatrix N N interaction. This is the first microscopic CC calculation of the 16 O(α, α ) reaction that is based on the α-nucleus CC potentials microscopically derived with the g-matrix N N interactions and the matter and transition densities of the target 16 O nucleus calculated with the microscopic structure model. As for the structure model, we employed the VAP+GCM in the framework of the AMD, which is the microscopic approach beyond the cluster models. In the application to the reaction calculation, the calculated transition density is scaled to fit the experimental transition strengths to reduce the ambiguity of the structure model.
The calculation reproduces well the observed cross sections of the 0 is not necessarily satisfied for the cluster states because of the significant CC effect through the strong λ = 2 transitions between the developed cluster states. Nevertheless, it should be remarked that the (α, α ) reaction can be used for qualitative discussion on the cluster states because 0 + cluster states with significant monopole strengths are strongly populated by the (α, α ) reaction.
It is suggested that the microscopic reaction calculation is needed in the quantitative analysis of the α scattering cross sections. The present g-matrix folding model was proved to be applicable to describe the α scattering cross sections. This approach is a promising tool to extract information on cluster structures of excited states in other nuclei by the (α, α ) reaction. 
